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FiberThe effects of silica fume fineness and fiber aspect ratio on the compressive strength and impact resis-
tance of ultra high-performance fiber-reinforced concrete (UHPFRC) are investigated experimentally.
To this end, UHPFRC mixtures are manufactured by combining silica fumes with different fineness (speci-
fic surface areas: 17,200, 20,000, and 27,600 m2/kg) and hooked-end steel fibers with various aspect
ratios (lengths: 8, 13, and 16 mm). The samples are subjected to standard curing, steam curing, and
hot-water curing. Compressive strength tests are conducted after 7-, 28-, 56-, and 90-day curing periods,
and an impact resistance experiment is performed after the 90th day. A steam-cured mixture of silica
fumes with a specific surface area of 27,600 m2/kg and 16-mm-long fibers produce better results than
the other mixtures in terms of mechanical properties. Moreover, impact resistance increases with the
fiber aspect ratio.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Introduction
Ultrahigh-performance fiber-reinforced concrete (UHPFRC) is
produced by combining various fibers and high-performance con-
crete (HPC) with a low water/cement (w/c) ratio. It displays signif-
icantly higher toughness, durability, and strength than its
counterparts [1–4]. Its compressive strength can also be enhanced
using pozzolans, e.g., silica fume [5,6]. Addition of the optimum
amount of silica fume to concrete offers many benefits, such as a
reduction in the heat of hydration, high target strength, and low
permeability, initiation of an alkali–silica reaction, and regulation
of the sulfate effect [7]. By adding silica fume, more space-free
and high-strength concretes can be obtained because the interfa-
cial transition zone of the aggregate paste is reduced [8,9]. In addi-
tion, the mechanical properties of UHPFRC depend on the type,
amount, and length of the fibers [10]. Fibers that are uniformly dis-
persed inside the concrete prevent cracks and make the concrete
more durable by preventing the progression of cracks. Reinforcing
concrete with fibers is an effective way to improve the strength
and ductility of concrete against crack development. The presence
of an adequate dosage of steel fibers in concrete improves both its
strength and energy absorption capacity, whereas the amount and
fineness of fibers have a significant effect on the bending strength,
fracture energy, and toughness of concretes [11]. Yoo et al. [12]
produced UHPFRC using steel fibers with aspect ratio (Lf/Df) valuesof 65, 81.5, 97.5, 100. These fibers were made of the same material
and had the same diameter (0.2 mm) by 2% by volume. According
to their results, compressive strength (201.6 MPa on an average)
was barely affected by the fiber length. The highest elastic modulus
obtained was 50.3 GPa for the specimens with fiber lengths equal
to 13 and 30 mm, and it was approximately 9% higher for those
with fiber lengths equal to 16.3 and 19.5 mm, respectively. Yang
et al. [13] cured some samples that were prepared using silica
fume and ground-granulated blast-furnace slag as a mineral addi-
tive, silica sand, ordinary sand (other physical and chemical prop-
erties’ being almost the same, i.e., fine ordinary sand-type I and II
with a 1.17% and 0.84% water absorption ratio, respectively), and
recycled glass cullet. The samples were 0.2 mm in diameter and
13 mm in length and contained high-carbon steel fiber by 2% in
volume with a water-binder ratio of 0.15. They were placed in
water at 20 and 90 C for seven days and were then let to stand
until the test day in a standard curing tank at 20 C. Although
the use of recycled glass for fine aggregates does not produce
mechanical properties as good as those obtained by using natural
sand, UHPFRC comprising recycled glass still shows very promising
mechanical properties in comparison to conventional concrete.
Comparison of the mechanical properties of UHPFRC cured at
90 C and 20 C shows that the 20 C-cured UHPFRC has approxi-
mately 20% lower compressive strength, 10% lower flexural
strength, and 15% lower fracture energy in comparison to the
90 C-cured UHPFRC. However, the 20 C-cured UHPFRC still exhi-
bits far better mechanical properties than conventional concrete.
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strengths of tunnel lining materials obtained using UHPFRC com-
prising fibers of various lengths and compositions. The concrete
mixtures were prepared by adding steel fibers with fineness ratios
of 40, 60, and 80; lengths of 8, 12, and 16 mm; and a ratio of 1%, 3%,
and 6% in volume, respectively. Specimens containing 12-mm-long
fibers exhibited the highest compressive strength (173 MPa) at a
2% ratio and the lowest splitting tensile strength (39 MPa) at a
6% ratio. Aoude et al. [15] produced concrete using steel fibers with
a ratio of 2%, 4%, and 6%; length of 13, 12, and 13 mm; and a diam-
eter of 0.4, 0.2, and 0.3 mm, respectively. The concrete had a water/
cement ratio of 0.42, a maximum aggregate size of 10 mm, a sand/
aggregate ratio of 0.55, and microsilica at a ratio of 20% of the
cement volume. Increasing the fiber content from 2% to 4%
improved the blast performance of UHPFRC; this resulted in
reduced displacements at equivalent loads and an ability to sustain
increased blast pressures before failure. However, increasing the
fiber content beyond 4% did not result in further improvements
in blast behavior. The use of fibers with optimized properties
(increase aspect ratio) led to improvements in the blast perfor-
mance of the UHPFRC, with reductions in the maximum and resid-
ual displacements at equivalent blasts loads.Research significance
Numerous independent studies have examined the effect of
fiber length, curing method, and mixture ratios on the mechanical
properties of UHPFRC [2,6,16,17]. In the present study, we assess
the impact of silica fume fineness, fiber aspect ratios, and curing
methods on the mechanical properties of UHPFRC. In addition,
we determine the influence of silica fume fineness on the workabil-
ity of fresh concrete and the setting time. The obtained results are
compared with previous independently obtained findings.Experimental study
Materials
Cement
In this study, CEM I-type 42.5 R Portland cement was used,
whose properties are in compliance with the TS EN 197-1 [18]
standard. The chemical and physical properties of the cement are
given in Table 1.Table 1
Chemical and physical properties of cement, silica fume, and quartz sand.
Components (%) Cement Quartz San
SiO2 18.4 99.7
CaO 62.6 0.01
Al2O3 4.1 0.04
Fe2O3 3.08 0.05
MgO 2.4 0.01
K2O 0.7 –
SO3 2.6 –
Na2O 0.2 –
C3S 61.3 –
C2S 12 –
C3A 6.5 –
C4AF 7.3 –
Loss ignition 2.2 0.13
Specific surface area (m2/kg) 415 255
Specific gravity (g/cm3) 3.1 2.8
45 lm sieve residue 1.17 42.05Silica fume
Three different types of silica fumes (SF1–SF3) exhibiting prop-
erties in agreement with the TS EN 13263-1+A1 standard [19] were
purchased from Eti Antalya Electrometallurgy Inc. Their specific
surface areas were determined by the Brunauer–Emmett–Teller
nitrogen adsorption method after grinding. Their chemical and
physical properties are presented in Table 1.
Quartz sand
Quartz sand exhibiting properties in agreement with the TS EN
12904 standard [20] was obtained from Antalya, Turkey. Its chem-
ical and physical properties are presented in Table 1.
Steel fiber
Hooked-end steel fibers measuring 8, 13, and 16 mm in length
and 0.2 mm in diameter were chosen in accordance with the TS
EN 10513 standard [21]. Photographs of the products, which were
obtained from the manufacturer’s catalog, are shown in Fig. 1.
Their properties are given in Table 2.
Chemical additives
HE 200 hyperplasticizers were used as additives in accordance
with the TS EN 934-2+A1 standard [22].
Concrete mixture preparation and production
The UHPFRC mixtures were prepared in accordance with the TS
EN 206 [23] standard. Three different types of silica fume with
fineness values of 16,400 m2/kg (SF1), 20,000 m2/kg (SF2), and
27,600 m2/kg (SF3) were used in the mixtures. In the mixtures pro-
duced with a 0.19 water/cement ratio, steel fibers with lengths of
8 mm, 13 mm, and 16 mm were used. The prepared mixtures were
poured into specific molds to form cubes
(150 mm  150 mm  150 mm) and cylinders (100  200 mm)
for the compressive strength and the impact resistance tests,
respectively. All mixtures were defined according to the type of sil-
ica fume fineness and the length of the fiber-mixture number; e.g.,
SF1-8 mm corresponds to an SF1-type silica fume with an 8-mm-
long steel fiber. The material amounts in the UHPFRC mixtures as
well as the mixture codes are shown in Table 3.
Sample curing
The samples were cast and subjected to standard curing, steam
curing, and hot-water curing for 7, 28, 56, and 90 days. The sam-
ples were removed from their molds 24 h after casting and allowedd SF 1 SF 2 SF 3
93.95 94.24 94.49
0.27 0.43 0.59
0.21 0.33 0.41
0.71 0.95 0.54
0.25 0.88 1.03
1.27 0.64 0.49
0.26 0.3 0.34
0.1 0.14 0.31
– – –
– – –
– – –
– – –
2.92 2.21 1.85
17,200 20,000 27,600
2.3 2.2 2.15
35.3 26.13 0.54
Fig. 1. Steel fibers used in the study (L = length of fiber, D = diameter of fiber).
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EN 12390-2 standard [24] for standard curing.
The maximum temperature was set at 65 C and was main-
tained for 10 h in the steam curing process. The temperature was
initially 20 C for 4 h, and then it was raised to 65 C gradually at
a rate of 0.18 C/min. Then, this temperature was maintained for
16 h. At the beginning of the 20th hour, the temperature was
decreased to 20 C at a rate of 0.18 C/min and kept constant.
Steam curing was performed in accordance with the ASTM C
684-99 standard [25], and the sample setting times were deter-
mined before the curing process. After steam curing, the samples
were stored at 22 C in 90% humidity until mechanical testing.
The samples were removed from the molds 24 h after the casting
and were allowed to stand in curing pools set at 80 C for hot-
water curing. The samples were left in the pool for three days,
and they were subsequently stored at 22 C in 90% humidity until
mechanical testing was performed.Experimental results
The consistency and the setting time determination tests were
conducted in fresh concrete mixtures. The compressive strength
test and the impact test were performed on hardened the concrete
samples that completed their curing time after the casting process.Fresh concrete experiments
Setting time
The setting times were determined according to the TS 2987
standard [26]. Fig. 2 shows the setting times of the UHPFRC mix-
tures prepared using SF1–3. The setting time decreased with
increasing silica fume fineness (Fig. 2). The initial setting times
were 365, 285, and 200 min for mixtures containing SF1, SF2,
and SF3, respectively, representing an 80–85-min decrease with
increasing silica-fume fineness. Final setting times of 485, 390,
and 305 min were obtained for mixtures containing SF1, SF2, and
SF3, respectively, representing an 85–95 min reduction with
increasing silica fume fineness. Zhang and Islam [27] found thatTable 2
Properties of steel fibers.
Length of Fiber (mm) Diameter (mm) Aspect Ratio
8 0.2 40
13 0.2 65
16 0.2 802% nanosilica-containing concrete mixtures required initial and
final setting times that were 90 and 100 min less, respectively,
than the initial and final setting times for their 2% silica fume-
containing equivalents. These nanosilica materials had BET surface
areas of 200.1 m2/g.
Consistency
The consistency of the UHPFRC mixtures was evaluated accord-
ing to the TS EN 12350-5 standard [28], and the resulting flow val-
ues are shown in Fig. 3. The flow spread values decreased with
increasing silica fume fineness and fiber length (Fig. 3). Flow
spread values of 720, 695, and 670 mm were obtained for SF1,
SF2, and SF3-based mixtures comprising 8-mm-long fibers, respec-
tively. For 13-mm-long fibers, these values amounted to 695, 680,
and 670 mm, respectively. This decrease may have stemmed from
the increase in viscosity and adhesion with increasing silica fume
fineness. These results are consistent with previous findings.
Specifically, Nehdi et al. [14] discovered that flow spread values
decreased with increasing fiber length. Flow spread values of
800, 790, and 780 mm were observed for fiber lengths of 8, 12,
and 16 mm, respectively. Similarly, Mobini et al. [29] found that
flow spread values decreased with increasing nanosilica fineness
for high-performance fiber-reinforced concrete (HPFRC) mixtures.
Furthermore, the flow spread value decreased with increasing fiber
content because of the increase in mixture viscosity.
Compressive strength test
In compliance with the TS EN 12390-3 [30] standard, the com-
pressive strength test was performed on the cubic samples with an
array dimension of 150 mm  150 mm  150 mm. The arithmetic
mean of six samples for each series was calculated to evaluate
the results of the compressive strength tests conducted on the
28th, the 56th, and the 90th day.
Compressive strengths of the samples subjected to standard curing
The compressive strengths of the UHPFRC samples subjected to
standard curing are shown in Fig. 4. The changes observed on the
28th and 90th day as a function of the fiber length are shown in
Fig. 5. The compressive strength increased with silica fume fine-
ness and fiber length. This trend was considerably more pro-
nounced for silica fume fineness than for fiber length. This may
have stemmed from two phenomena. First, the main constituent
of cement, calcium hydroxide (Ca(OH)2), which is derived from
the hydration of calcium silicates (C2S and C3S), interacts with sil-
ica fume and fills the voids present in the aggregate cement paste
with extra calcium silicate hydrate (C–S–H) gels. Second, the silica
fume particles become stickier, enhancing the physical adherence
at the aggregate–cement interface. Moreover, the SF3-16 mm
coded sample has a compressive strength of 175.6 MPa, whereas
the respective value for the SF1-16 mm coded sample remains
168.7 MPa. This suggests that silica fume reacts with water-
dissolved Ca(OH)2 and generates voids in concrete, thereby
increasing the compressive strength of the material by creating
extra C–S–H gels. The compressive strengths obtained for samples
SF2-8 mm and SF3-8 mm surpassed the values for sample SF1-
8 mm by 3.7% and 8.3%, respectively, after the 28th day. These(Lf/Df) Density (g/cm3) Tensile Strength (MPa)
7.85 2500
Table 3
Material amounts and mixture ratios (kg/m3).
Specimens Components (kg/m3)
Cement Quartz Water SF 1 SF 2 SF 3 Lf: 8 mm Lf: 13 mm Lf: 16 mm SP w/c
SF1-8 mm 640 1170 135 214 – – 145 – – 35 0.21
SF1-13 mm 640 1170 135 214 – – – 145 – 35 0.21
SF1-16 mm 640 1170 135 214 – – – – 145 35 0.21
SF2-8 mm 640 1170 135 – 214 – 145 – – 37.5 0.21
SF2-13 mm 640 1170 135 – 214 – – 145 – 37.5 0.21
SF2-16 mm 640 1170 135 – 214 – – – 145 37.5 0.21
SF3-8 mm 640 1170 135 – – 214 145 – – 40 0.21
SF3-13 mm 640 1170 135 – – 214 – 145 – 40 0.21
SF3-16 mm 640 1170 135 – – 214 – – 145 40 0.21
SF: silica fume, SP: superplasticizer, w/c: water/cement ratio, Lf: length of steel fiber.
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Fig. 2. Changes in the setting times for UHPFRC mixtures containing different silica
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Fig. 4. Compressive strength of the samples subjected to standard curing after 7,
28, 56, and 90 days.
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5.9% and 9.8%, respectively, after 56 days and by 5.7% and 10.3%,
respectively, after 90 days. For the same curing period, the samples
gained 2.8% and 10.3% compressive strength with increasing silica
fume fineness. The compressive strength increased by 1% and 2.1%,
respectively, with increasing fiber length. Regarding the calcula-
tions of the standard deviations of the compressive strength test
results for the 28-day samples, the samples containing 8 mm,
12 mm, and 16 mm fibers and produced using an SF1 silica fume
showed a standard deviation of 0.534, 1.16, and 2.05, respectively.
Moreover, the samples produced using an SF2 silica fume showed a
standard deviation of 0.79, 1.76, and 2.29. Finally, the samples pro-
duced using an SF3 silica fume showed a standard deviation ofcompressive strength of 0.91, 1.90, and 2.85 respectively. The stan-
dard deviation values increased with fiber length. Although this
could be attributed to the increase in compressive strength
because of the fact that a homogenous distribution of fibers into
the mixture is very difficult to achieve with increasing fiber length,
Yoo et al. [12] reported similarly that with an increase in fiber
length, the maximum increase in compressive strength was
approximately 1.5% [12]. Jaturapitakkul et al. [31] investigated
the effects of using silica fume with two different fineness values.
They produced high-performance concrete samples by replacing SF
I with a median particle size d50 (lm) = 89.00 and silica fume with
a median particle size d50 (lm) = 105. These researchers observed
that the compressive strength after 28 days of curing was 92 MPa
for the SF1 silica-fume replacement, which is finer, and 87 MPa
for the SF2 silica-fume replacement; this value is 5.7% lower than
that for the SF1 silica-fume replacement. Moreover, they observed
that the compressive strength after 56 days of curing was 97 MPa
for the SF1 replacement and 89 MPa for the SF2 replacement. Con-
clusively, they reported that the compressive strength increased
with the fineness of the silica fume. Habel et al. [8] obtained a com-
pressive strength of 175 MPa for an UHPFRC mixture comprising
1050 kg/m3 cement, 730 kg/m3 quartz sand, 275 kg/m3 silica fume,
470 kg/m3 steel fiber, 190 kg/m3 water, and 35 kg/m3 superplasti-
cizer at a w/c ratio of 0.18 after 28 days of curing. In addition,
the compressive strength increased more slowly after 90 days in
comparison to the first 28 days. They used a lower amount of
cement in comparison to a previous study [8]. However, a similar
compressive strength was achieved by increasing silica fume fine-
ness; this confirms the essential role of silica fume fineness on
compressive strength.
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Fig. 5. Compressive strength–fiber length relationship of the samples subjected to standard curing for 28 and 90 days.
668 H.S. Arel / Results in Physics 6 (2016) 664–674The compressive strength increased with increasing fiber length
(Fig. 4), leading to optimal values for 16-mm-long steel fibers
regardless of silica fume fineness. This increase reached a maxi-
mum of 2.1% when the fiber ratio increased. Similarly, Yoo et al.
[12] investigated the effect of steel fibers of different lengths on
the mechanical properties of UHPFRC. After 28 days, the compres-
sive strength amounted to 190 and 193 MPa for 13- and 16.3-mm-
long steel fibers, respectively, representing a 1.5% increase.
Compressive strengths of steam-cured samples
The compressive strengths of the steam-cured samples are
shown in Fig. 6. The rate of increase in compressive strength
decreased after 28 days of steam curing (Fig. 6). Concrete samples
gained 86% of their ultimate strength during the first week. This
may have resulted from the hydration of the abundant C3S in the
cement and consequent creating of C–S–H gels. However, the gain
in compressive strength decelerated afterward. Sample SF3-16 mm
showed a compressive strength of 153 and 172 MPa after 7 and
28 days, respectively, which amounts to a 12.4% increase. How-
ever, a value of 175.6 MPa was obtained after 56 days, which rep-
resents a 2% increase. After 90 days, the rate of increase was120
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Fig. 6. Compressive strengths of steam-cureapproximately 0.8%. This phenomenon may be attributed to the
change in the C–S–H composition because of temperature fluctua-
tions, which as a hydration product, displayed fast hydration dur-
ing the first week. When the 90-day compressive strength values of
the SF1-16 mm and the SF3-16 mm samples were compared, the
values for the SF3-16 mm coded samples were found to be 9.93%
higher. Similarly, when the 90-day compressive strength values
of the SF1-8 mm coded samples and the SF3-8 mm coded sample
were compared, the SF3-8 mm coded sample values were found
to be 10.06% higher. These two situations suggest that compressive
strength improves with the silica fume fineness rather than fiber
length. Consequently, it was found that compressive strength
increases with silica fume fineness. This may be because of the
reaction between silica fume and Ca(OH)2, which causes capillary
breaks in the concrete upon dissolution in water, produces C–S–
H, and increases the physical adherence that filled the voids at
the cement–aggregate interface. The increase in compressive
strength with fiber length occurs with a lower ratio than that dur-
ing standard curing. When the standard deviation values of the
samples were examined, the values were 0.78, 1.33, and 2.21, for
8, 13, and 16 mm fibers, respectively, in the samples produced56 days 90 days
d samples after 7, 28, 56, and 90 days.
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duced using SF2; and 0.95, 1.56, and 2.47 in the samples produced
using SF3. The standard deviation values in the steam-cured sam-
ples showed were slightly higher than the values observed in stan-
dard curing. This situation may be attributed to the minimum
errors that may occur in the transition phases between tempera-
ture changes during application of steam curing. When the 90-
day compressive strength developments were examined, the value
for the SF3-16 mm coded sample was 176 MPa whereas that for
the SF1-8 mm coded sample remained 159 MPa. Gesog˘lu et al.
[32] measured the compressive strengths of the UHPFRC samples
after 28, 90, 180, and 360 days. These values were 129 and
133 MPa after 28 days under standard and steam curing condi-
tions, respectively, and reached 133 and 140 MPa, respectively,
after 90 days of standard and steam curing before slowly decreas-
ing below 180 MPa.Compressive strengths of the hot-water-cured samples
The compressive strengths of the hot-water-cured samples are
shown in Fig. 7. The initial increase in compressive strength was
more pronounced during hot-water curing than in steam and stan-
dard curing (Fig. 7). In steam curing, this situation may arise
because of the C–S–H composition, which as a hydration product,
changes according to temperature and displays faster hydration
during the first week. Moreover, the compressive strength of con-
crete increases with silica-fume fineness; this result is common for
other curing conditions as well (Fig. 7). Sample SF3-16 mm showed
an improvement in the compressive strength up to 175.4 MPa, and
the compressive strength of sample SF1-8 mm was 135 MPa. For a
constant fiber length, the SF3 samples exhibited 3% and 6.2% gains
in compressive strength between 7 and 56 days, respectively. This
gain only amounts to 0.1% after 56 days. This may be due to the fast
C2S and C3S hydrations, binding of the resulting Ca(OH)2, and sub-
sequent C–S–H gel formation. When the 56-day compressive
strength values of the SF3-13 mm coded sample and the SF1-
13 mm coded sample were compared, the values for the SF3-13
coded sample were 10.65% higher. With respect to the standard
deviation values of the samples subjected to hot-water curing,
for 8, 13, and 16 mm fibers, the values were 0.75, 1.45, and 2.38,
respectively, for the samples produced using SF1; 0.98, 2.01, and
2.51, respectively, for the samples produced using SF2; and 1.01,
2.17, and 2.85, respectively, for the samples produced using SF3.130
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Fig. 7. Compressive strength results for samples subjecIn general, increases in the fiber length produced minor and irreg-
ular increases in the compressive strength. This may be due to the
intermediate values changing the standard deviation values. Simi-
larly, Yang et al. [13] studied the effects of water curing at 20 and
90 C on the mechanical properties of the UHPFRC mixtures con-
taining different types of sand. Samples cured with water at
90 C displayed 20% greater compressive strength than their coun-
terparts cured at 20 C. However, the compressive strength
remained constant after 56 days.
Impact resistance tests
Impact resistance tests were performed using cylindrical sam-
ples (cylinders with a dimension of 100  200 mm) in accordance
with the ACI Committee 544 recommendation [33]. Specifically, a
4.54-kg and 64-mm-diameter hardened steel ball (a flat baseplate
with a positioning bracket) was allowed to repeatedly drop onto
the center of the sample from a height of 300 mm.
The samples were coated on the bottom with a thin layer of
heavy grease, and they were placed on the baseplate within the
positioning lugs with the finished face up. The positioning bracket
was then bolted in place, and the hardened steel ball was placed on
top of the specimen within the bracket. Foamed elastomeric pieces
were placed between the specimen and positioning lugs to restrict
movement of the specimen during testing to the first visible crack.
The drop hammer was placed with its base upon the steel ball and
was held there with just enough down-pressure to keep it from
bouncing off the ball during the test. The baseplate was bolted to
a rigid base. The hammer was repeatedly dropped, and the number
of blows required for creating the first visible crack on the top and
for causing ultimate failure were both recorded. The ACI Commit-
tee 544 stated that the test sample should be placed in contact
with the steel balls. To this end, the mechanism of the experiment
is shown in Fig. 8. In addition, the methods presented in similar
studies were applied to this experiment [34–36]. These tests were
conducted after a 90-day curing period so that silica-fume effects
started could even out; this facilitated comparisons with previous
studies. Using the equation V = (g * t2)/2, the fall velocity of the
drop hammer was calculated to be 2354.4 mm/s.
The impact energy E was calculated using the following
formula:
E ¼ ð1=2Þ  m  V2  N; ð1Þ56 days 90 days
ted to hot water curing for 7, 28, 56, and 90 days.
Fig. 8. Cross-section of the impact testing machine.
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Fig. 9. Impact resistance test results for the samples after 90 days of standard curing.
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tional acceleration, m is the mass of the hammer, and N is the num-
ber of blows.
The impact-resistance test results for the samples subjected to
standard, steam, and hot-water curing are shown in Figs. 9–11,
respectively. Impact resistance increased with silica fume finenessand fiber aspect ratio under all curing conditions (Figs. 9–11),
thereby leading to a maximum for the sample SF3-16 mm. This
may have stemmed from the following three phenomena. First is
the product of reaction between the main constituents of cement
(C2S and C3S) and water-produced crystals, i.e., C–S–H gels, which
provide additional binding by reacting with silica fume. Second,
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Fig. 10. Impact resistance test results for the samples after 90 days of steam curing.
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Fig. 11. Impact resistance test results for the samples after 90 days of hot water curing.
H.S. Arel / Results in Physics 6 (2016) 664–674 671silica fume increases the physical adherence at the cement–aggre-
gate interface. Third, concrete toughness increases with fiber
aspect ratio because fibers prevent microcracks from expanding
and progressing upon impact. When the impact strengths of sam-
ples SF1-16 mm and SF3-16 mm, which were cured with steam,
were compared, the impact strength of sample SF-3 16 mm was
found to be 7.78% higher. The difference is 9.78% between sample
SF1-16 mm and sample SF3-16 mm, which were cured with hot
water; the difference between SF1-16 mm and SF3-16 mm is
8.33%, both of which were treated with standard curing. Several
studies have previously demonstrated that fiber length strongly
affects the impact resistance of concrete. Mohammedi et al. [37]
evaluated the effects of aspect ratio on the impact resistance of
steel fiber reinforced concrete (SFRC) samples comprising 50-
and 25-mm-long fibers. Impact failure energies averaged 723.5
(723,500 J/m) and 378.1 (378,100 J/m) kN-mm for the samples
comprising 50- and 25-mm-long fibers, respectively. Nili and
Afroughsabet [35] examined the effects of polypropylene fiber on
the impact strength and the mechanical properties of concrete.
They reported that after 90 days, the compressive strength
increased by 30% in steel-fiber samples containing silica fume,
and they attributed this to the fact that silica fume increases thepozzolanic property and crack resistance of the fibers. They further
observed that the impact strength increased with the compressive
strength, and the maximum impact strength was 8117.7
(8,117,700 J/m) kN-mm in the sample exhibiting a 73.26 MPa com-
pressive strength, with polypropylene fibers and a 0.36 water/
cement ratio.Analytical investigation
In this study, mathematical modeling was performed using the
data obtained from the conducted experiments. In the modeling
process, we utilized the Eureqa application. The following equa-
tions were obtained using the data obtained by this study. It may
be helpful to test the validity and extent of these equations using
data obtained from other studies.
fck ¼ 165:5þ Lf þ 7  tanðFsÞ þ ð12  tanðFsÞ  215Þ=Dc
þ ð0:004  FsÞ=ðTe  tanð330:7þ Te  DcÞÞ; ð2Þ
where fck is the compressive strength of concrete (MPa), Lf is the
fiber length (mm), Fs is the fineness of the silica fume (m2/kg), Dc
is the curing time (days), and Te is the curing temperature (C).
672 H.S. Arel / Results in Physics 6 (2016) 664–674Eq. (2) shows the compressive strength of the concretes sub-
jected to curing for different periods (in days) at different temper-
atures. These concretes were obtained using silica fumes with
various fineness containing steel fibers of differing lengths. The
equation also shows the relationship between all of these
variances.
The data shown in blue diamonds in Fig. 12 represent the com-
parison between the theoretical compressive strength values
obtained from Eq. (2) and the experimental results. After compar-
ing these values, the average deviation of the experimental values
was found to be 7%, and the percentage of deviation from the
actual values varied between 103% and 112%. The regression coef-
ficient between the data is 0.9545.
Nfa ¼ 1:014  Nfc þ tanð0:65  fck90Þ þ tanð4:054  NfcÞ; ð3Þ
where Nfa is the number of failure blows, Nfc is the number of blows
required for causing the first crack, and fck90 is the compressive
strength of concrete after 90 days (MPa).
In Eq. (3), the relationship between the number of blows
required for producing the first crack and the number of failure
blows is determined on the basis of the compressive strengths of
the concretes used in Eq. (2).
The data series shown in blue diamonds in Fig. 13 represents
the comparison between the theoretical number of failure blows
obtained from Eq. (3) and the experimental results. After compar-
ing these values, the average deviation of the experimental values
from the data was 0.04%, and the percentage of the deviation from
actual values varied between 99% and 101%. The regression coeffi-
cient between the data was 0.9979.
Efa ¼ 1:03  Efc þ 523  cosð3:1  fck90Þ  42:32
 tanð1:025  EfcÞ; ð4Þ
where Efa is the failure impact energy (kN mm), Efc is the first-crack
impact energy (kN mm), and fck90 is the compressive strength of
concrete after 90 days (MPa). In Eq. (4), the relationship between
the first-crack impact energy and the failure impact energy is deter-
mined on the basis of the compressive strength of concretes used in
Eq. (2). The data series shown in blue diamonds in Fig. 14 represents
the comparison between theoretical failure-impact energy obtained
from Eq. (4) and the experimental results. After comparing these
values, the average deviation of the experimental values of the data
obtained was 0.012%, and the percentage of the values deviating
from the actual values varied between 99% and 101%. The regres-
sion coefficient between the data was 0.9973.130
140
150
160
170
180
190
200
120 130 140
T
he
or
et
ic
al
 R
es
ul
ts
 o
f C
om
pr
es
si
ve
 
St
re
ng
th
 (M
Pa
)
Experimental Results of 
Fig. 12. Relationship between the experimental aConclusion
The results obtained in this study are summarized as follows.
Under the effect of standard curing, samples produced using
SF1 display results that are 4–5.7% lower and 10% lower in compar-
ison to those displayed by samples produced using SF2 and SF3 sil-
ica fumes, respectively.
Under all curing conditions, the compressive strength increases
by 1.5–2.1% with increasing fiber content.
Sample SF3-16 mm, when subjected to steam curing for
90 days, produces better results in terms of compressive strength
(177 MPa) than the other samples.
Impact resistance is directly proportional to the compressive
strength value, and the sample SD-16 mm, subjected to steam cur-
ing, exhibits the maximum value (193,241 kN–193,241,000 J/m).
After 56 days, the samples subjected to standard, steam, and
hot-water curing continue to gain 2%, 0.8%, and 0.22% compressive
strength, respectively. In the case of steam and hot-water curing,
the compressive-strength increase rate decreases after 56 days. In
the future, a separate study will be required to investigate the
absolute compressive strength values.
The best compressive strength and impact resistance results are
obtained from the SF3 silica fume, whose specific surface area is
27,600 m2/kg.
Within the scope of this article, the mathematical relationships
obtained in the Analytical investigation section were produced on
the basis of numerical data obtained solely via the experiments
conducted in this study. The results of Eqs. (2)–(4) indicate that
7%, 0.04%, and 0.012% of the values deviating from the actual val-
ues vary between 103% and 112%, 99% and 101%, and 99% and
101%, respectively. The regression coefficients between the data
are 0.9545, 0.9979, and 0.9973, respectively. Consequently, we
conclude that the mathematical relationships obtained from the
experiment results provide highly accurate calculations and that
the derived formulas (Eqs. (2)–(4)) are successful.Acknowledgement
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